Objectives: To determine the patterns and proximity of reflux events in patients with adult-onset asthma (AOA) using hypopharyngeal multichannel intraluminal impedance (HMII) and to assess outcomes of antireflux surgery (ARS) in patients with AOA.
of reflux disease. Nineteen patients (70%) had concomitant typical reflux symptoms. Despite a frequently negative DeMeester score, abnormal proximal exposure, which occurred in the upright position, was observed in 19 patients (70%). Of 20 patients who subsequently underwent ARS, asthma symptoms improved in 18 (90%), and 6 of them discontinued or reduced pulmonary medications at a mean (range) follow-up of 4.6 (0.6-15.2) months. Pulmonary function test results before and after ARS revealed that of 5 patients, 4 (80%) had improvement of the forced expiratory volume in the first second of expiration and/or the peak expiratory flow rate, which correlated with symptomatic improvement.
Conclusions: Adult-onset asthma is associated with abnormal proximal exposure of the aerodigestive tract to refluxate; these patients respond to ARS despite negative pH test results. Patients with AOA should undergo testing with HMII because they would not be detected with conventional pH testing. 1 Although patients with GERD typically present with heartburn and regurgitation, many patients also report atypical (extraesophageal) symptoms, such as globus sensation, hoarseness, and throat clearing, and respiratory symptoms, such as cough and shortness of breath. Accumulating evidence suggests a strong association between GERD and pulmonary diseases, including adult-onset asthma (AOA). The prevalence of GERD in patients with asthma has been reported to range from 30% to 90%. [2] [3] [4] [5] On this basis, guidelines 6 for the treatment of asthma issued from the National Institutes of Health recommended that evaluation for the presence of GERD be considered in patients with poorly controlled asthma.
The relationship between asthma and GERD is complex, and 3 primary mechanisms have been suggested for GERDinduced AOA; first, acid exposure to the distal esophagus can stimulate vagal nerve afferent fibers, resulting in bronchoconstriction and the development and/or exacerbation of asthma. [7] [8] [9] Second, direct exposure of the trachea, bronchi, and lungs via microaspiration may induce bronchoconstriction and asthma. Finally, attenuation of the pharyngo-cricopharyngeal reflex may result in the inability of the upper esophageal sphincter to contract appropriately in the face of reflux events, thereby enabling direct exposure. 7, [10] [11] [12] Numerous studies have demonstrated the potential pulmonary benefits of GERD treatment in asthmatic patients. [13] [14] [15] [16] [17] [18] [19] However, the outcome of treatment remains unpredictable because current testing measures used to diagnose GERD-caused asthma have poor sensitivity. 20, 21 In this context, it is important to consider that chronic asthma and its attendant cough and pulmonary hyperinflation can result in the development of GERD, and this may lead to an ineffective therapeutic response in the treatment of asthma with antireflux surgery (ARS). Recently, our group established normative data for laryngopharyngeal reflux (LPR) and high esophageal reflux using 24-hour hypopharyngeal multichannel intraluminal impedance (HMII). 22 Laryngopharyngeal reflux and high esophageal reflux events, collectively referred to as proximal reflux, were found to be rare in healthy subjects. On the basis of the normative data for HMII, abnormal proximal reflux was considered present when patients had LPR at least once per day and/or high esophageal reflux at least 5 times per day, and we introduced these criteria into our practice. The objective of this study was to determine the pattern and proximity of reflux events in patients with AOA using HMII. In addition, the outcome of ARS in patients with AOA who were selected on the basis of the presence of abnormal proximal exposure was assessed.
METHODS

STUDY DESIGN
This retrospective review was performed with the approval of the institutional review board of the University of Pittsburgh. Patients with AOA were extracted from the entire cohort of patients with typical and/or atypical GERD symptoms who had undergone HMII for the evaluation of GERD and/or LPR symptoms from October 1, 2009, through June 30, 2011. Antisecretory medications, such as proton pump inhibitors (PPI) and H2 antagonists, were discontinued 10 days before HMII. Adultonset asthma was defined when patients with respiratory symptoms such as wheezing, cough, and shortness of breath were diagnosed with asthma as an adult (Ն20 years old) and used at least 1 asthma medication, such as a bronchodilator or corticosteroid, at the time of evaluation for GERD. Patients who had an additional pulmonary diagnosis in addition to asthma (eg, idiopathic pulmonary fibrosis or scleroderma) were excluded. Detailed demographic data (sex, age, and body mass index [calculated as weight in kilograms divided by height in meters squared]), clinical data (medication, medical history, surgical history, preoperative and postoperative symptoms, and PPI dependence), and objective data (HMII and highresolution manometry measurements and findings from the radiogram, endoscopy, and preoperative and postoperative pulmonary function testing) were obtained from the medical record. Typical symptoms included heartburn and regurgitation, and atypical symptoms included hoarseness, globus sensation, throat clearing, and cervical dysphagia. On the basis of HMII measurements, selected patients subsequently underwent ARS using our criteria. 22 The outcomes of ARS were assessed and were compared between patients with positive and negative DeMeester scores. The outcome measures of ARS included symptomatic improvement, elimination of antisecretory medications, and reduction or discontinuation of asthma medications. Pulmonary function test results before and after ARS, including the forced expiratory volume in the first second of expiration and the peak expiratory flow rate, were compared.
ESOPHAGEAL OBJECTIVE TESTING Upper Endoscopy and Esophagram
All patients underwent endoscopic and/or radiographic evaluation of the upper gastrointestinal tract. Any esophageal mucosal changes, such as esophagitis or suspected Barrett esophagus, were recorded. The severity of esophagitis was graded using the Los Angeles classification. 23 Barrett esophagus was suspected when the squamocolumnar junction was variegated and located proximal to the anatomic gastroesophageal junction, and the diagnosis of Barrett esophagus was confirmed histologically. The presence of hiatal hernia was evaluated endoscopically and radiographically.
High-Resolution Manometry
High-resolution manometry was performed using a solidstate assembly with 36 circumferential sensors spaced at 1-cm intervals (ManoScan; Sierra Scientific Instruments, Inc) to evaluate the function of the upper esophageal sphincter, esophageal body, and lower esophageal sphincter (LES). We introduced bipositional high-resolution manometry, in which 10 wet swallows (5 mL of water per swallow) were obtained in the supine position followed by 5 wet swallows in the upright position, to assess positional effects on LES function and structure. A defective LES was defined as either an LES pressure of less than 5.0 mm Hg, total LES length of less than 2.4 cm, or intra-abdominal length of less than 0.9 cm on the basis of established criteria. 24 Abnormal esophageal motility was defined as failed contractions of greater than 20%, simultaneous contractions of greater than 20%, or low mean wave pressure amplitudes of less than 30 mm Hg.
24-Hour HMII
Hypopharyngeal multichannel intraluminal impedance was performed using a specialized impedance catheter configured to detect acid and nonacid LPR (CZAI-BL-54, -55, or -56; Sandhill Scientific, Inc). This catheter has 2 pH probes (hypopharynx and distal esophagus) and 2 pairs of impedance electrodes each in the hypopharynx, proximal esophagus (2 and 4 cm distal to the upper esophageal sphincter), and distal esophagus (3 and 5 cm proximal to the gastroesophageal junction). On the basis of manometric measurements of esophageal length, the optimal length of the impedance catheter was selected so that the distal pH probe was positioned 5 cm (Ϯ1 cm) proximal to the LES 22 ; the hypopharyngeal pH probe was positioned precisely at 0.5 cm proximal to the cricopharyngeal muscle under endoscopic visualization. This positioning protocol ensures that the most proximal impedance ring set is located within the hypopharynx. The most proximal esophageal ring set is located 2 cm distal to the lower border of the cricopharyngeus muscle. The DeMeester score was calculated using the established criteria, 25 and a score greater than 14.7 was considered positive for pathologic acid reflux. The catheter was attached to an ambulatory recording device, and the total testing period was 24 hours. Composition (liquid, gas, or mixed), proximity, and duration of reflux events were recorded.
HMII DATA INTERPRETATION AND DEFINITION OF PROXIMAL REFLUX EVENTS
Data were uploaded from the recording device and analyzed with dedicated software (Bioview Analysis; Sandhill Scientific, Inc). The details of data interpretation have been de-scribed in detail previously. 22 Briefly, a liquid-only reflux event was defined as a retrograde 50% fall in impedance from mean baseline impedance between the 2 electrode pairs, whereas mixed liquid-gas reflux was defined as an abrupt increase in impedance (gas) occurring during or immediately before liquid reflux. An LPR event was considered present when retrograde bolus transit reached the hypopharynx, regardless of whether there was a change in pH. On the basis of pH in the hypopharynx and distal esophagus, an LPR event was categorized into 2 groups: acid LPR (both pH Ͻ4) and nonacid LPR (both pH Ͼ4). A high esophageal event was defined as reflux that reached the electrode pairs 2 cm distal to the cricopharyngeus muscle but did not reach the hypopharyngeal ring set (Figure 1 ). On the basis of pH in the distal esophagus, a high esophageal event was categorized into 2 groups: acid and nonacid high esophageal reflux. Abnormal proximal exposure was considered present when patients had LPR at least once per day and/or high esophageal reflux at least 5 times per day. Patients with AOA were offered ARS if they fulfilled the HMII criteria for abnormal proximal exposure.
DATA ANALYSIS
Values were expressed as a median (range) or mean(SD). Because data were not normally distributed, statistical analysis was performed with the nonparametric Mann-Whitney test and Pearson 2 test using SPSS, version 19 (SPSS, Inc). P Ͻ .05 was considered significant.
RESULTS
DEMOGRAPHIC CHARACTERISTICS AND ESOPHAGEAL TESTING IN PATIENTS WITH AOA
From October 1, 2009, through June 30, 2011, a total of 314 symptomatic patients underwent HMII for the evaluation of GERD and/or LPR symptoms. Of 314 patients evaluated, 31 (9.9%) met criteria for AOA; 4 were excluded because of insufficient data or additional pulmo- Representative impedance tracings of laryngopharyngeal reflux (LPR) and high esophageal reflux. Left, distal pH decreased to less than 4, and retrograde bolus transit reached the hypopharynx. There was a hypopharyngeal pH decrease, but it remained greater than 4, indicating acid (distal) to nonacid (hypopharyngeal) LPR secondary to mixing with saliva. Right, distal pH decreased no less than 4, and retrograde bolus transit reached the impedance electrode pairs 2 cm distal to the cricopharyngeus muscle but did not reach pharyngeal electrodes, indicating nonacid (distal) high esophageal reflux.
nary diagnoses (Figure 2 ). Mean (range) age and body mass index were 53 (23-74) years and 29.7 (21.0-42.5), respectively. Before surgical intervention, control of asthma symptoms was poor, with 22 patients (81%) reporting persistent wheezing, cough, and/or shortness of breath despite medical treatment using both pulmonary and antisecretory medications. Nineteen patients (70%) had concomitant typical GERD symptoms that were responsive to PPI ( Table 1) . Although 11 patients (41%) had endoscopic findings of GERD, such as esophagitis and Barrett esophagus, the overall severity of esophageal injury was mild. Hiatal hernia was found in 15 patients (56%). Despite suspicious findings of GERD, 19 patients (70%) had a normal DeMeester score. On the basis of high-resolution manometry evaluation, the LES became defective in 4 patients (15%) when they were moved from the supine to upright position.
PROXIMITY AND PATTERNS OF EXPOSURE IN PATIENTS WITH AOA
On the basis of HMII measurements, a total of 28 LPR events and 242 high esophageal events were recorded in patients with AOA ( Table 2) . Abnormal proximal exposure was identified in 19 patients with AOA (70%) and included 9 (33%) with LPR (median [interquartile range] number of events, 2 [2] [3] [4] [5] ) and 17 (63%) with high esophageal reflux (14 [9] [10] [11] [12] [13] [14] [15] ) (Table 1) . Both LPR and high esophageal events occurred almost exclusively in the upright position. The proportions of LPR and high esophageal nonacid events were 20% and 36%, respectively. Laryngopharyngeal reflux events were more often liquid only, and high esophageal reflux events were equally divided between liquid only and mixed liquid and gas ( Table 3) . Total acid exposure time was significantly longer in patients with abnormal proximal exposure (median, 36.4 seconds vs 9.1 seconds; P = .045), whereas acid clearance time was similar between the groups (111 seconds vs 85 seconds; P = .73). The number of total reflux events and the DeMeester score were significantly higher in patients with abnormal proximal exposure compared with those without abnormal proximal exposure.
Mean age, body mass index, and distribution of concomitant typical/atypical GERD symptoms were no dif- Abbreviations: AOA, adult-onset asthma; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); DMS, DeMeester score; GERD, gastroesophageal reflux disease; HER, high esophageal reflux; IAL, intra-abdominal lower esophageal sphincter length; LA, Los Angeles; LES, lower esophageal sphincter; LESL, total lower esophageal sphincter length; LESP, lower esophageal sphincter pressure; LPR, laryngopharyngeal reflux; PPI, proton pump inhibitors.
a Percentages do not add to 100 because patients may have both types of symptoms.
b One patient had an invalid manometry result.
ferent between those with and without abnormal proximal exposure. The prevalence of hiatal hernia was comparable between groups; however, a type III paraesophageal hernia was found in 2 patients without abnormal proximal exposure. Nearly half of patients in both groups had esophageal mucosal injury; however, patients with abnormal proximal exposure were more likely to have more severe forms of esophagitis, such as Los Angeles classification grade C. Approximately 40% of patients with abnormal proximal exposure had abnormal esophageal motility, whereas most patients without abnormal proximal exposure had normal esophageal motility. Patients with abnormal proximal exposure more often had a defective LES in both the supine and upright positions, indicating more pronounced valve incompetency compared with those without abnormal proximal exposure.
OUTCOMES OF ARS AND COMPARISON WITH PATIENTS WITH A POSITIVE vs NEGATIVE DEMEESTER SCORE
Of 19 patients with abnormal proximal exposure, 18 subsequently underwent ARS, including Nissen (n = 15) or Dor (n = 2) fundoplication and Roux-en-Y esophagojejunostomy (n = 1) ( Table 4) . Roux-en-Y esophagojejunostomy was performed in 1 patient who previously underwent fundoplication for GERD. Of 8 patients without abnormal proximal exposure, 2 underwent repair of a type III paraesophageal hernia with Nissen fundoplication. Of the 20 patients who underwent ARS, 18 (90%) had either complete resolution (n = 2) or significant improvement (n = 16) of asthma symptoms, 6 of whom had reduced or discontinued pulmonary medications such as corticosteroids (n = 3), bronchodilators (n = 2), or allergy medications (n = 3) at a mean (range) follow-up period of 4.6 (0.6-15.2) months. All patients who underwent ARS were able to discontinue antisecretory medications, such as PPI and H2 antagonists. There was no significant difference in symptomatic response and reduction or discontinuation of asthmatic medications between patients with positive and negative DeMeester scores. There was a trend toward longer duration of esophageal acid exposure in patients with a positive DeMeester score, and esophageal mucosal injury was more often found in patients with a positive DeMeester score (86% vs 18%; P = .009).
Asthma symptoms did not change after ARS in 1 patient and improved for only 2 months and then recurred in another patient. The patient with no symptomatic improvement had a significant coughing paroxysm at 2 weeks after the initial ARS and typical GERD symptoms recurred. Subsequent pH testing revealed a DeMeester score of 21. Subsequently, a second ARS was performed and a partially disrupted fundoplication was repaired. No follow-up data were available for the patient with recurrent symptoms at 2 months after ARS.
Pulmonary function test results before and after ARS were available in 5 patients with preoperative abnormal proximal exposure, of whom the forced expiratory volume in the first second of expiration and the peak expiratory flow rate improved in 4 and 3 patients, respectively, at a mean (range) follow-up of 7.3 (0.7-15.2) months after ARS (Figure 3 ). All these patients had symptomatic resolution or improvement. Both the forced expiratory volume in the first second of expiration and the peak expiratory flow rate decreased after ARS in 1 patient who did not have symptomatic improvement.
COMMENT
Some patients with asthma are refractory to medical therapy, and GERD has been suggested as a potential cause or cofactor under these circumstances. In the present study, concomitant typical GERD symptoms and objective findings of GERD were commonly observed in patients with AOA; however, only 30% of patients had a positive DeMeester score. This finding suggests that patients with AOA often have GERD but only a small fraction would be detected with conventional pH testing, which has served as the criterion standard in establishing the diagnosis. To compound the lack of testing sen- sitivity, single-position distal esophageal pH testing does not yield useful information regarding the proximity of reflux events. Therefore, patients with a negative DeMeester score but positive abnormal proximal exposure would be missed using the current diagnostic strategy. Finally, in the setting of AOA, there were very few clinical factors that differentiated patients with abnormal proximal exposure from those without abnormal proximal exposure. For example, in this study there was no difference in symptoms, body mass index, prevalence of hiatal hernia, or age between those with and without abnormal proximal exposure. Because of our inability to clinically stratify patients with AOA with abnormal proximal exposure, there is a tremendous need for an objective measure, such as HMII.
Abnormal proximal exposure as defined by HMII was prevalent in patients with AOA despite a frequently negative DeMeester score, and ARS positively affected not only symptomatic improvement but also a reduction of asthma medications and improvement in pulmonary function in patients with abnormal proximal exposure. These findings suggest that abnormal proximal exposure can cause Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); DMS, DeMeester score; GERD, gastroesophageal reflux disease; HER, high esophageal reflux; HMII, hypopharyngeal multichannel intraluminal impedance; IQR; interquartile range; LA, Los Angeles; LES, lower esophageal sphincter; LPR, laryngopharyngeal reflux; PEH, paraesophageal hernia; PPI, proton pump inhibitors.
a P Ͻ .05 is considered significant.
asthma, and HMII successfully identified a subgroup of patients with AOA who will likely respond to ARS. Although the number of patients who underwent ARS in this study is small and the follow-up is short term, the initial results suggest that HMII provides an improvement in the sensitivity of diagnosis of GERD-related AOA (compared with pH testing) and can be used to guide clinical decision making. In addition, because of the poor correlation between abnormal proximal reflux and asthma symptoms, it is unlikely that pH testing combined with a symptom index would be of any benefit in the patient with AOA ( Table 5) . Numerous clinical trials [13] [14] [15] [16] [17] have demonstrated the variable effectiveness of antisecretory therapy using PPI and/or H2 blockade in patients with poorly controlled asthma. Two randomized controlled studies 18, 19 have shown that there was minimal improvement in pulmonary function or asthma symptoms using PPI, and a metaanalysis 26 concluded that there is insufficient evidence to recommend the use of PPI as part of the routine treatment for asthma. Proton pump inhibitors can reduce the acidity of gastric contents but do not address the impaired barrier function of the LES. Therefore, it is reasonable to suggest that PPI do not improve asthma caused by direct laryngopharyngeal exposure, and ARS could be used to recreate the anatomic barrier to all forms of reflux (acid and nonacid), thereby providing a tangible clinical benefit. Several studies have reported that ARS improves asthma symptoms in 49% to 84% of patients with asthma and GERD. [27] [28] [29] [30] [31] However, the outcomes of ARS have been inconsistent and have not always positively influenced pulmonary function or pulmonary medication requirements. The enrollment criteria for the previous studies that used ARS in the setting of AOA were heterogeneous and based on factors such as clinical symptoms, endoscopic findings of esophageal mucosal injury, or positive pH testing without direct measurement of laryngopharyngeal and high esophageal reflux events, and this lack of diagnostic sensitivity may have negatively affected the results of this intervention.
Recently, bipositional high resolution manometry was demonstrated to be useful in determining the severity of impaired LES function, especially in patients with isolated upright reflux, in whom a defective LES was found only in the upright position. 32 In the present study, half of patients with abnormal proximal exposure had a defective LES regardless of body position, suggesting that they had a more severe form of GERD and a completely defective LES. Moreover, the pharyngeal reflux events in patients with AOA were more likely to be acid and liquid, and this finding is also consistent with the data in a previous study, 32 in which poor LES integrity led to pure liquid pharyngeal reflux (instead of mixed liquid and gas) through a gastroesophageal valve with a large diameter and high compliance. This is further supported by the fact that patients with abnormal proximal exposure likely have prolonged acid exposure time, more severe forms of esophageal mucosal injury, and abnormal esophageal motility compared with those without.
In the present study, there are some limitations. Objective symptom assessment using a validated questionnaire, such as the GERD health-related quality of life score, was not performed to evaluate the outcomes of ARS. However, all patients were thoroughly interviewed at every follow-up visit and their responses accurately recorded. In addition, most patients had not undergone pulmonary function testing after ARS; thus, it remained unclear whether ARS positively influences pulmonary function in all patients. The sample size (n = 27) may be small, potentially leading to a type II error. The follow-up period may be too short to understand the durability of the benefit of ARS observed in this study. Finally, the specificity of HMII in the context of AOA is unknown; it is possible that there were false-negative interpretations in this investigation, which could represent a limitation of HMII. To validate our proposed criteria and indications for ARS, a prospective, randomized controlled study with a long-term follow-up is required.
In conclusion, AOA may be associated with abnormal proximal exposure as measured by HMII, which likely responds to ARS regardless of whether there is a positive DeMeester score or endoscopic findings of esophageal mucosal injury. Patients with AOA should undergo objective esophageal testing, including HMII, to evaluate for GERD and the proximity of reflux events. 
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